Recent studies show that three subtypes of RyRs are coexpressed and RyR-gated Ca 2ϩ stores are distributed heterogeneously in systemic vascular myocytes. However, the molecular identity and subcellular distribution of RyRs have not been examined in PASMCs. In this study we detected mRNA and proteins of all three subtypes in rat intralobar PASMCs using RT-PCR and Western blot. Quantitative real-time RT-PCR showed that RyR2 mRNA was most abundant, ϳ15-20 times more than the other two subtypes. Confocal fluorescence microscopy revealed that RyRs labeled with BODIPY TR-X ryanodine were localized in the peripheral and perinuclear regions and were colocalized with sarcoplasmic reticulum labeled with Fluo-5N. Immunostaining showed that the subsarcolemmal regions exhibited clear signals of RyR1 and RyR2, whereas the perinuclear compartments contained mainly RyR1 and RyR3. Ca 2ϩ sparks were recorded in both regions, and their activities were enhanced by a subthreshold concentration of caffeine or by endothelin-1, indicating functional RyR-gated Ca 2ϩ stores. Moreover, 18% of the perinuclear sparks were prolonged [full duration/half-maximum (FDHM) ϭ 193.3 Ϯ 22.6 ms] with noninactivating kinetics, in sharp contrast to the typical fast inactivating Ca 2ϩ sparks (FDHM ϭ 44.6 Ϯ 3.2 ms) recorded in the same PASMCs. In conclusion, multiple RyR subtypes are expressed differentially in peripheral and perinuclear RyR-gated Ca 2ϩ
INTRACELLULAR CA 2ϩ IS a ubiquitous messenger for numerous cellular functions ranging from gene expression to muscle contraction. Ca 2ϩ signals for these diverse biological processes are generated by various specific Ca 2ϩ transporters, delivered globally or locally, and decoded by different effectors according to the signal amplitude and frequency (3) . In pulmonary vascular smooth muscle, major attention has been focused on the global elevation of [Ca 2ϩ ] i because of its role in smooth muscle contraction. However, local Ca 2ϩ release events or "Ca 2ϩ sparks" have been identified and characterized recently in pulmonary arterial smooth muscle cells (PASMCs) (26, 38, 40, 50, 53) . Emerging evidence suggests that Ca 2ϩ sparks of PASMCs regulate pulmonary vascular reactivity in a unique manner. In rat intralobar PASMCs, Ca 2ϩ sparks are associated with membrane depolarization (40) , instead of hyperpolarization reported in systemic vascular myocytes (34) . They are activated by endothelin-1 (ET-1) through an ET A receptor/ phospholipase C (PLC)/inositol 1,4,5-trisphosphate (IP 3 )-dependent Ca 2ϩ signaling pathway, contributing to the ET-1-induced vasoconstriction (53) . Moreover, Ca 2ϩ sparks are elicited by metabolic inhibition (50) and have been implicated to play central roles in perinatal pulmonary vasodilation and hypoxic pulmonary vasoconstriction (38, 39) . Therefore, elucidation of the molecular and cellular basis of Ca 2ϩ spark is important for understanding the regulation of pulmonary circulation.
The Ca 2ϩ release channel, ryanodine receptor (RyR), is the mediator of Ca 2ϩ sparks. Three different RyR subtypes, namely RyR1, RyR2, and RyR3, were isolated/cloned originally from skeletal muscle, cardiac muscle, and brain, respectively (21, 36, 48) . Four RyR monomers of each subtype tetramerize to form an RyR-sensitive Ca 2ϩ release channel, and clustering of 10 -100 of these channels on the sarcoplasmic reticulum (SR) forms a release unit for Ca 2ϩ spark generation (15, 16) . In some tissues, such as skeletal and cardiac muscles, a specific RyR subtype is preferentially expressed. However, expression of multiple RyR subtypes is common in many other tissues. In rat aorta, mesenteric arteries, cerebral arteries, portal veins, and porcine coronary arteries, coexpression of all three RyR subtypes has been reported (6, 32, 35, 49) . Evidence suggests that RyR1 and RyR2 are required for Ca 2ϩ spark generation in these vascular myocytes, whereas RyR3 participates in global Ca 2ϩ responses induced by agonists and/or in the modulation of Ca 2ϩ spark frequency (6, 32, 33) . In addition to the differences in RyR subtypes, spatial and functional heterogeneities of RyR-gated Ca 2ϩ stores have been reported in vascular smooth muscles. Confocal imaging and electron microscopy have shown that RyRs are localized to peripheral junctional SR and to the central nonjunctional SR (30) . In the peripheral sarcolemma-SR junctions of cerebral arteries, RyRs are closely associated with L-type Ca 2ϩ channels and Ca 2ϩ -activated potassium (K Ca ) channels to operate as a functional unit (25, 31) , such that Ca 2ϩ influx via L-type Ca 2ϩ channel triggers RyRs to generate Ca 2ϩ sparks, which activate nearby K Ca channels, causing membrane hyperpolarization to negatively feedback regulate L-type Ca 2ϩ channels (23) . In rat portal veins, RyRs reside in a well-developed superficial network of SR (20) . However, most of the Ca 2ϩ sparks in these cells are generated from only one major frequent discharge site (FDS) located on a prominent portion of SR close to the nuclear envelope. This unique spatial location of FDS may signify specific physiological functions other than membrane potential regulation.
Besides all these studies in systemic vascular myocytes, similar information on RyRs and RyR-gated Ca 2ϩ stores in PASMCs is unavailable. In the present study, we sought to identify and quantify the relative expression of RyR subtypes, to determine the spatial distribution of RyR subtypes, and to characterize the functional activity of RyR-gated Ca 2ϩ stores in PASMCs.
MATERIALS AND METHODS
Isolation and culture of PASMCs. PASMCs were enzymatically isolated and transiently cultured as previously described (45) . In brief, male Wistar rats (150 -250 g) were injected with heparin and anesthetized with pentobarbital sodium (130 mg/kg ip). They were exsanguinated, and lungs were removed and transferred to a petri dish filled with HEPES-buffered salt solution (HBSS) containing (in mM) 130 NaCl, 5 KCl, 1.2 MgCl 2, 1.5 CaCl2, 10 HEPES, and 10 glucose, pH 7.4 (adjusted with NaOH). Second-and third-generation intrapulmonary arteries (ϳ300 -800 m) were isolated and cleaned free of connective tissue. The endothelium was removed by gently rubbing the luminal surface with a cotton swab. Arteries were then allowed to recover for 30 min in cold (4°C) HBSS, followed by 20 min in reduced-Ca 2ϩ (20 M) HBSS at room temperature. The tissue was digested at 37°C for 20 min in 20 M Ca 2ϩ HBSS containing collagenase (type I, 1,750 U/ml), papain (9.5 U/ml), bovine serum albumin (BSA, 2 mg/ml), and dithiothreitol (1 mM), then removed, and washed with Ca 2ϩ -free HBSS to stop digestion. Single smooth muscle cells were gently dispersed by trituration with a small-bore pipette in Ca 2ϩ -free HBSS at room temperature. The cell suspension was then placed on 25-mm glass coverslips and transiently (16 -24 h) cultured in Ham's F-12 medium (with L-glutamine) supplemented with 0.5% fetal calf serum (FCS), 100 U/ml streptomycin, and 0.1 mg/ml penicillin.
RT-PCR.
Total RNA was isolated from deendothelialized rat intralobar pulmonary arteries (PAs) and aorta with TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. Genomic DNA contamination was removed by DNA-free DNase Treatment and Removal Reagents (Ambion, Austin, TX). In brief, 2 units of DNase I were added to the isolated RNA and incubated for 30 min at 37°C. Then, DNase Inactivation Reagent was added and incubated for 2 min at room temperature. The samples were centrifuged at 10,000 g for 1 min to pellet the DNase Inactivation Reagent. The supernatants were collected, and the amounts of RNA were determined by measuring the optical density at 260 nm. Total RNA was also isolated from skeletal muscle, heart, and brain as positive controls for RyR1, RyR2, and RyR3, respectively. We used 2 g of total RNA for first-strand cDNA synthesis with random hexamer primers and Superscript II RNase H Ϫ Reverse Transcriptase (Invitrogen, Carlsbad, CA). The resulting first-strand cDNAs were directly used as templates for PCR amplification. Sense and anti-sense primers specific for RyR1, RyR2, or RyR3, as listed in Table 1 were used. Reactions were carried out using PCR SuperMix (GIBCO-BRL) with the following parameters: denaturation at 94°C for 30 s, annealing at 56 -60°C for 30 s, and extension at 68°C for 45 s. A total of 30 cycles were performed. This was followed by a final extension at 72°C for 10 min and then stored at 4°C. PCR products were analyzed by 1.2% agarose gel electrophoresis and visualized by staining with ethidium bromide. Parallel reactions were run for each RNA sample in the absence of Superscript II to access the degree of genomic DNA contamination.
Quantitative real-time RT-PCR. We used 2 l of cDNA as the template in each 25-l PCR reaction with SYBR Green Core PCR reagent (PE Applied Biosystem). The specific primers as listed in Table 1 were used. Cycling conditions were: initial enzyme inactivation at 95°C for 10 min, followed by 40 cycles at 95°C for 15 s, 60°C for 30 s, and 72°C for 30 s. All cycling reactions were performed in the presence of 3 mM MgCl 2. PCR assays were performed with the Applied Biosystems PRISM 7700 Sequences Detect System. All PCR data were captured using Sequence Detector Software (SDS version 1.6, PE Applied Biosystem). Using the same protocol, we generated standard curves from serial dilutions of purified PCR products, which allowed quantitation of the specific mRNA of interest. The threshold cycle value for each sample was used to calculate the initial quantity of cDNA template by the standard curve method. We also normalized data from each sample by dividing the quantity of target gene cDNA by the quantity of ␤-actin cDNA to correct for variability in individual samples. We ran parallel reactions using each RNA sample as tem- plate to assess the degree of contaminating genomic DNA. Negative control reactions without template were also performed. Western blotting. Deendothelialized PAs and aorta were homogenized in buffer containing 20 mM imidazole (pH 7.0), 0.3 M sucrose, and 1% protease inhibitor cocktail. The homogenate was centrifuged at 4°C with 500 g for 2 min to remove the debris. The supernatant was stored at Ϫ80°C before use. The protein concentration was estimated by the bicinchoninic acid method, using BSA as standard. Protein samples (20 g) were resolved in an 8% SDS-PAGE gel and electrotransferred to a nitrocellulose membrane (Schleicher & Schuell). The membrane was blocked with 3% (wt/vol) nonfat dry milk in PBS containing 0.02% Tween 20 (PBST) for 1 h at room temperature, followed by incubation with polyclonal antibodies against RyR1, RyR2, or RyR3 antibodies (from Dr. Sidney Fleischer's laboratory) at 1:500 dilution in blocking solution overnight at 4°C. Antibodies of RyR1 (Upstate Biotechnology, Lake Placid, NY), RyR2 (Affinity Bioreagents, Golden, CO), and RyR3 (gift from Dr. Gerhard Meissner) were also used for comparison. Nitrocellulose membrane was then washed with PBST. After being washed, the membrane was incubated with horseradish peroxidase-conjugated secondary antibody (Amersham) at 1:3,000 dilution at room temperature for 2 h. Excess secondary antibody was again washed, and the bound secondary antibody was detected with enhance chemiluminescence (Western Lightning Chemiluminescence Reagent Plus; Perkin-Elmer Life Science Products, Boston, MA) according to the manufacturer's protocols. Rat skeletal muscle, heart, and brain membrane proteins were used as positive controls.
Immunolocalization of RyR subtypes. PASMCs were fixed in 2% paraformaldehyde for 20 min. The cells were washed with 0.75% glycine in PBS for 30 min, followed by permeabilization with 0.05% Triton X-100 for 30 min. The cells were then incubated with unconjugated donkey anti-rabbit or anti-mouse secondary antibodies (20 g/ml) to block nonspecific binding for 2 h and then incubated overnight with isoform-specific anti-RyR antibodies. Primary antibodies included mouse monoclonal IgM anti-RyR type I (20 g/ml, Upstate Biotechnology), mouse monoclonal IgG anti-RyR type II (10 g/ml, Affinity Bioreagents), and rabbit polyclonal anti-RyR type III (5 g/ml, from Dr. Sidney Fleischer's laboratory). Antibody-specific binding was visualized with either donkey CY2-conjugated or CY5-conjugated secondary antibodies (3 g/ml, Jackson ImmunoResearch), which were affinity purified for multiple labeling. BSA (2%) and Triton X-100 (0.05%) were included in PBS for antibody dilution. Incubation was carried out in a moistened chamber at 4°C. Immunolocalization was examined with an MRC-1000 confocal scanning unit (Bio-Rad) equipped with a krypton-argon laser, and images were acquired with a Zeiss plan-apochromat objective [ϫ40, numerical aperture (NA) ϭ 1.2]. PASMCs without exposure to primary antibodies were used as a negative control. Two-dimensional fluorescent images were deconvoluted with SimplePCI software (Compix, Cranberry Township, PA).
Confocal imaging and measurement of Ca 2ϩ sparks. BODIPY TR-X ryanodine and Fluo-5N were used for localization of RyRs and SRs in freshly isolated PASMCs according to Gordienko et al. (20) and Shannon et al. (44) , respectively. RyRs were stained by incubation of PASMCs with 1 M BODIPY TR-X ryanodine for 15 min, and SR was loaded with 10 M Fluo-5N AM (Molecular Probes) for 2 h, and then 1.5 h was allowed for deesterification and outward leak of cytosolic indicator all at 37°C. Confocal images were acquired under a Zeiss LSM-510 inverted confocal microscope (Carl Zeiss) with a Zeiss Plan-Neofluor ϫ40 oil immersion objective (NA ϭ 1.3). BODIPY TR-X was excited by the 543 nm line of an HeNe laser, and the emitted fluorescence signal was captured at wavelength Ͼ585; Fluo-5N was excited by the 488-nm line of an argon laser, and the emission was detected at 505-550 nm. Ca 2ϩ sparks were visualized as previously described (40) with the membrane-permeable Ca 2ϩ -sensitive fluorescent dye fluo-3 acetoxymethyl ester (fluo-3 AM). PASMCs were loaded with 5-10 M fluo-3 AM (dissolved in DMSO with 20% pluronic acid) for 30 -45 min at room temperature (ϳ22°C) in normal Tyrode solution containing (in mM) 137 NaCl, 5.4 KCl, 2 CaCl 2, 1 MgCl2, 10 HEPES, and 10 glucose, pH 7.4 (adjusted with NaOH). Cells were washed thoroughly with Tyrode solution to remove extracellular fluo-3 AM and rested for 15-30 min in a cell chamber to allow complete deesterification of cytosolic dye. Fluo-3 AM was excited at 488 nm, and fluorescence was measured at Ͼ505 nm. Confocal pinhole was set to render a spatial resolution of 0.4 m in the x-y-axis and 0.8 m in the z-axis. Two-dimensional images were scanned at 0.075 m/pixel, 512 pixels/line, 256 lines/image once every 0.5 s. Line-scan images were collected at 0.075 m/pixel, 512 pixels/line at 2-ms intervals for 512 lines/image once every 10 s. We minimized photobleaching and laser damage to the cells by attenuating the laser to ϳ1% of its maximum power (25 mW) with an acousto-optical tunable filter. Cells that did not respond to an external solution containing 10 mM Ca 2ϩ and 0.5 mM caffeine applied at the end of experiments were discarded. All experiments were performed at room temperature. Images were processed with custom-written algorithms using the IDL software package. Ca 2ϩ sparks were analyzed as described previously (40, 53) .
RESULTS

Identification of RyR subtypes in PASMCs.
Expression of RyR subtypes in pulmonary arterial smooth muscle was first identified using conventional RT-PCR. Figure 1A shows the RT-PCR products amplified from mRNA isolated from deendothelialized intralobar PAs. mRNA of all three RyR subtypes were clearly detected after 30 cycles. PCR amplified products of RyR1, RyR2, and RyR3 were consistent with the predicted sizes and matched with the positive controls generated from skeletal muscle, heart, and brain, respectively. The expression of RyR proteins in intralobar PAs was examined by Western blot. Specific antibodies against RyR1, RyR2, and RyR3 detected clear bands of protein with molecular mass Ͼ400 kDa from skeletal muscle, heart, and brain, respectively. Matched protein bands of all three RyR subtypes were detected in samples of intralobar PAs (Fig. 1, C and D) . Similar results were obtained in deendothelialized aorta smooth muscle (Fig.  1, B and E) , suggesting that multiple RyR subtypes are coexpressed in both pulmonary and systemic vascular smooth muscle.
The relative expressions of three RyR subtype mRNA in PAs and aorta were determined by quantitative real-time RT-PCR. The amplification curves of RyR1, RyR2, RyR3, and ␤-actin are shown in Fig. 2 . Amplification efficiencies of the three RyR subtypes were similar according to our specific primers and PCR conditions, with slopes of the standard curves ranging between Ϫ3.525 and Ϫ3.663. RyR2 mRNA was most abundant among the three RyR subtypes in PAs. The amount of RyR2 mRNA, quantified by normalization with ␤-actin as the internal control, was equivalent to 0.25 Ϯ 0.04% of ␤-actin. It was ϳ15-20 times more abundant than RyR1 and RyR3, which were equivalent to 0.011 Ϯ 0.002 and 0.017 Ϯ 0.004% of ␤-actin, respectively. The expressions of RyR subtypes in aortic smooth muscle were similar to that in pulmonary arterial smooth muscle. The normalized amounts of RyR1, RyR2, and RyR3 mRNA in aorta were 0.019 Ϯ 0.011, 0.236 Ϯ 0.065, and 0.011 Ϯ 0.003%, respectively.
Localization of RyRs in PASMCs. The subcellular distribution of RyR in PASMCs was visualized by staining the myocytes with the cell-permeable fluorescent probe BODIPY TR-X ryanodine. In serum-starved transiently cultured (0.5% FCS, 16 -24 h) PASMCs, confocal imaging revealed a pattern of interconnecting pockets of RyRs that were especially well developed in the subsarcoplasmic and perinuclear regions (Fig.  3A) . Three-dimensional reconstruction of the BODIPY TR-X ryanodine-stained PASMC images showed that RyRs in the cytoplasmic regions were located in close association with the sarcolemma, with minor staining in the inner cytosol along the longitudinal axis. In contrast, RyRs in the perinuclear region resided in massive structures around the nucleus and occupying most of the central region of the myocytes except the interior of the nucleus. To further examine the subcellular localization of RyR subtypes in PASMCs, we immunostained individual RyR subtypes using specific antibodies (Fig. 3C) . High-resolution deconvoluted confocal images showed strong immunofluorescent signals of RyR1 in both the peripheral and perinuclear regions, similar to the patterns of BODIY TR-X ryanodine and Fluo-5N. Clear immunostaining for RyR2 was also observed in the peripheral/subsarcolemmal sites, but with much weaker signals in the perinuclear region. In contrast, RyR3s were detected diffusely in the perinuclear region and the cytosol without a clear subsarcoplasmic affiliation. These results suggest that the three RyR subtypes may localize differentially in different populations of SR.
Generation of Ca 2ϩ sparks from peripheral and perinuclear RyR-gated Ca 2ϩ stores. The functional activity of RyRs in peripheral and perinuclear SR was examined by recording Ca 2ϩ sparks with 100 sequential two-dimensional confocal scans for each cell (Fig. 4) . Under control conditions, Ca 2ϩ spark frequency was very low, averaging 0.014 Ϯ 0.003 spark⅐m Ϫ2 ⅐100 frames Ϫ1 (Fig. 5A ). Spark frequencies recorded from peripheral and perinuclear sites (within 3 m around the nuclear region) were similar, 0.016 Ϯ 0.04 and 0.014 Ϯ 0.003 spark⅐m Ϫ2 ⅐100 frames Ϫ1 (n ϭ 27 cells), respectively. Maximal enhancement of Ca 2ϩ spark using 0.5 mM caffeine plus 10 mM Ca 2ϩ increased whole cell spark frequency to 0.090 Ϯ 0.013 spark⅐m Ϫ2 ⅐100 frames Ϫ1 (n ϭ 21 cells, P Ͻ 0.05), with greater enhancement of Ca 2ϩ sparks generated in the peripheral (0.107 Ϯ 0.018 spark⅐ m Ϫ2 ⅐100 frames Ϫ1 ) than the perinuclear (0.068 Ϯ 0.012 spark⅐m Ϫ2 ⅐ 100 frames Ϫ1 ) sites. Moreover, the vasoconstrictor ET-1 (0.3 nM) caused significant activation of Ca 2ϩ spark at both the peripheral (0.040 Ϯ 0.007 spark⅐m Ϫ2 ⅐100 frames Ϫ1 , n ϭ 38 cells) and perinuclear sites (0.026 Ϯ 0.005 spark⅐m Ϫ2 ⅐100 frames Ϫ1 , n ϭ 38 cells), suggesting that ET-1 can regulate the activity of the two populations of RyRs.
To further examine the spatial distribution of Ca 2ϩ sparks in individual PASMC, the location of each Ca 2ϩ spark in a PASMC was registered. Ca 2ϩ sparks recorded within a radius of 2 m, which is approximately equivalent to the size or full-width-half-maximum (FWHM) of a Ca 2ϩ spark, were considered as Ca 2ϩ release from the same site. Data were analyzed to determine the number of sites per cell and the number of Ca 2ϩ sparks generated per site in every 100 twodimensional scans (Fig. 5, B and C) . In control PASMCs, there were 0.012 Ϯ 0.002 spark-generating sites per m 2 , and most of these sites fired only once or twice during the recording period. The number of sites was increased significantly in PASMCs stimulated by caffeine (0.035 Ϯ 0.004 sites/m 2 , P Ͻ 0.05) or by ET-1 (0.020 Ϯ 0.002 sites/m 2 , P Ͻ 0.05), and the increase was similar in the peripheral and perinuclear regions (Fig. 5B) . By contrast, the averaged number of spark per site was increased only moderately in caffeine-treated PASMCs, from a control value of 1.57 Ϯ 0.17 to 2.54 Ϯ 0.22 spark⅐site Ϫ1 ⅐100 frames Ϫ1 (P Ͻ 0.05), with the increase occurring mainly in the peripheral sites. Frequency distribution analysis (Fig. 5D) shows that 74% of these sites fired only one or two times in the 100 frames recorded; therefore, most of these sites appear to be random/stochastic in nature, even when the spark occurrence was maximally activated by caffeine and extracellular Ca 2ϩ . However, 10% of the sites fired more than five times during the two-dimensional scanning period. These "hot spots" were not confined to a specific region, i.e., could be either peripheral or perinuclear, and other less-active sites were usually observed in the same cell. Occasionally, frequent spark activity escalated to initiate regional elevation of [Ca 2ϩ ] i and propagating Ca 2ϩ waves (Fig. 6 ).
Kinetics of peripheral and perinuclear Ca
2ϩ sparks. The spatial-temporal characteristics of peripheral and perinuclear sparks were examined under the line-scan mode (Fig. 7) . Ca 2ϩ sparks originated from the peripheral sites had the typical fast activating and inactivating kinetics. The averaged amplitude [change in fluorescence (⌬F)/resting fluorescence (F 0 )], duration [full-duration/half-maximum (FDHM)], and width/size (FWHM) of the peripheral sparks were 0.74 Ϯ 0.03, 44.6 Ϯ 3.2 ms, and 1.65 Ϯ 0.09 m (n ϭ 105 sparks from 40 cells), respectively, similar to our previous studies (40, 53) . In comparison, the averaged amplitude and the size of the perinuclear sparks were similar with ⌬F/F 0 ϭ 0.75 Ϯ 0.03 and FWHM ϭ 1.7 Ϯ 0.08 m (n ϭ 97 sparks from 40 cells). However, the duration of perinuclear sparks was significantly longer (FDHM ϭ 71.2 Ϯ 7.5 ms, P Ͻ 0.001). Further examination of individual Ca 2ϩ sparks showed that the perinuclear sparks could be divided into the short-duration Ca 2ϩ sparks, which resembled the typical Ca 2ϩ sparks of the peripheral sites, and the prolonged Ca 2ϩ sparks, which lasted for several hundred milliseconds (FDHM: short sparks ϭ 43.37 Ϯ 2.56 ms; long sparks ϭ 193.3 Ϯ 22.6 ms, P Ͻ 0.001). The latter accounted for ϳ18% (17 out of 97) of all perinuclear sparks. Figure 8 contrasts the kinetic differences between the peripheral Ca 2ϩ sparks, the short-duration, and the prolonged perinuclear Ca 2ϩ sparks. Typically, the prolonged perinuclear Ca 2ϩ sparks had a maintained plateau following the initial rise in [Ca 2ϩ ] and might occur repeatedly at the same site. Moreover, the prolonged sparks had significantly higher amplitude and larger size than the short-duration perinuclear or peripheral sparks. The heterogeneities in the temporal and spatial properties suggest major differences in the gating mechanism of perinuclear Ca 2ϩ sparks.
DISCUSSION
In the present study, we have for the first time characterized the relative expression of RyR subtypes, determined the spatial distributions of RyR subtypes and RyR-gated Ca 2ϩ stores, and compared the regional differences in the spatial and temporal properties of Ca 2ϩ sparks in rat intralobar PASMCs. Our results show that 1) mRNAs and proteins of all three RyR subtypes are expressed in rat intralobar PASMCs, with RyR2 mRNA being most abundantly transcribed; 2) RyRs are localized in the subsarcolemmal and the perinuclear regions, but the distributions of various RyR subtypes in these regions are different; 3) RyR-gated stores in the two regions are capable of generating Ca 2ϩ sparks, and their activities are regulated by the agonists ET-1 and caffeine; and 4) a subpopulation of Ca 2ϩ sparks originate from the perinuclear region exhibit prolonged duration, higher amplitude, and larger spatial spread, distinguishing themselves from the typical fast transient Ca 2ϩ sparks recorded in the peripheral and perinuclear sites. These findings provide information on the molecular and subcellular complexity of Ca 2ϩ signaling in PASMCs and raised the intriguing possibility that Ca 2ϩ sparks generated from different regions may participate in different cellular functions.
Coexpression of all three RyR subtypes in pulmonary arterial smooth muscle is clearly demonstrated at both mRNA and protein levels by conventional RT-PCR, quantitative real-time RT-PCR, Western blot analysis, and immunostaining. The expression profiles of RyR mRNA are similar in rat PAs and aorta, with RyR2 being the major RyR gene transcribed. However, because strong signals of RyR1 and RyR3 proteins were observed in both immunoblots and immunostainings, it is possible that the efficiencies of protein translation may be higher for RyR1 and RyR3 in PASMCs. Previous studies show that different RyR subtypes might mediate different physiological functions in vascular smooth muscle cells. Suppression of either RyR1 or RyR2 in portal vein myocytes using antisense oligonucleotides blocked the increase in Ca 2ϩ spark induced by depolarization or by elevation of extracellular [Ca 2ϩ ], whereas suppression of RyR3 had no effect on spontaneous spark frequency but attenuated caffeine-or phenyleph- . ϩSignificant difference between peripheral and perinuclear sparks; *significant difference between short and long perinuclear sites. Averaged data were generated from 40 cells.
rine-induced global Ca 2ϩ responses (6, 33) . Another study in cerebral arterial myocytes showed that the amplitude, size, and duration of Ca 2ϩ sparks were unaltered, but Ca 2ϩ spark frequency and the associated spontaneous transient outward currents were significantly increased in the RyR3-deficient myocytes (32) . These results suggest that RyR1 and RyR2 are both required for Ca 2ϩ spark generation presumably because they participate in the formation of RyR clusters (6) , whereas RyR3 plays a modulatory role on spark frequency and/or agonistinduced increase in global [Ca 2ϩ ] in systemic myocytes (32, 33) . The precise roles of the different RyR subtypes for Ca 2ϩ signaling in PASMCs need further evaluation.
The most intriguing finding of the present study is the clear heterogeneity in the subcellular distribution of RyRs in PASMCs. BODIPY TR-X ryanodine and Fluo-5N staining revealed two populations of peripheral and perinuclear RyRgated SRs. Immunostaining experiments using RyR subtypespecific antibodies and high-resolution confocal imaging show that RyR1 are present in both the peripheral and perinuclear sites; RyR2 is located mainly in the peripheral sites, whereas RyR3 resides diffusely in the perinuclear region and the cytosol. These results suggest that SRs in the two subcellular regions maybe gated by RyRs of different subtypes. Because RyR subtypes are functionally different in terms of their sensitivities to Ca 2ϩ -induced activation and inactivation, ATP and calmodulin-dependent modulation, and their association with FK506-binding protein isoforms (14) , the differential distributions of RyR subtypes may allow specific regulation of the peripheral and perinuclear SRs. Moreover, recent studies in heterologous expression system show that RyR2 forms heterotetramer with either RyR1 or RyR3, and a smooth musclespecific splice variant of RyR3 can form heteromeric channels with RyR2 and suppress the activities of RyR2 (27, 51) . It is possible that heteromerization of different RyR subtypes may occur in various subcellular compartments of native PASMCs.
RyR-gated Ca 2ϩ stores present in both peripheral and perinuclear regions suggest that RyRs may involve in more diverse physiological functions. Peripheral RyR-gated SRs in PASMCs are located in the subsarcolemmal region, similar to the junctional SRs described in other vascular and striated myocytes. Juxtaposition of RyR-gated SRs with sarcolemma allows local Ca 2ϩ signaling between RyRs and sarcolemmal ion channels. In systemic arteries, RyRs are closely associated with K Ca channels to operate as a functional unit for negative feedback regulation of Ca 2ϩ influx via L-type Ca 2ϩ channels (23, 25, 31) . Ca 2ϩ sparks produce a highly localized and large increase in [Ca 2ϩ ] in microdomains proximal to K Ca channels to mediate hyperpolarization and vasodilation. However, the local Ca 2ϩ interactions between RyRs and sarcolemmal ionic channels are different in adult rat intralobar PASMCs. Ca 2ϩ sparks elicited by a subthreshold concentration of caffeine cause a small membrane depolarization in PASMCs instead of hyperpolarization (40) , and a Ca 2ϩ spark activated by metabolic inhibition is associated with prominent spontaneous transient inward currents mediated by Ca 2ϩ -activated Cl Ϫ channels (50) . Moreover, inhibition of Ca 2ϩ sparks with ryanodine attenuates the ET-1-induced vasoconstriction in pulmonary arteries (53) . Hence Ca 2ϩ sparks appear to associate more predominantly with the Ca 2ϩ -activated Cl Ϫ channels and perhaps other Ca 2ϩ -dependent mechanisms in adult rat intralobar PASMCs, overriding the hyperpolarizing influence of K Ca channels, to enhance vasoconstriction through membrane depolarization. However, it has to be mentioned that spontaneous Ca 2ϩ release from RyR-gated stores can activate K Ca channels to cause membrane hyperpolarizations in rabbit PASMCs (2, 29) , and global release of Ca 2ϩ by caffeine at higher concentrations may preferentially activate K Ca channels in PASMCs of conduit arteries or Ca 2ϩ -activated Cl Ϫ channels in PASMCs of resistant arteries (2, 46) . Hence, the regulation of membrane potential by Ca 2ϩ spark may vary depending on species (2, 29), developmental stages (38, 39, 41) , and the size of PAs (1, 46) . The intricate mechanisms of membrane potential regulation by Ca 2ϩ sparks in vascular myocytes have been discussed in detail elsewhere (see reviews Refs. 24, 25) .
Peripheral SR junctions may also provide the sites for receptor-mediated signal transduction. It has been documented that membrane receptors colocalize with their signaling molecules and effector molecules, forming signaling complexes in membrane scaffolds or caveolae (13, 42) to facilitate their specific responses. Our previous results showed that ET-1 elicits Ca 2ϩ sparks in PASMCs through ET A receptor-dependent activation of PLC to generate IP 3 , which triggers Ca 2ϩ release from IP 3 receptors to cross-activate RyRs (53) . Interestingly, all components of the signaling complex, including ET A receptors, heterotrimeric G proteins, PLC, and IP 3 receptors, have been found in caveolae in various cell types (5, 17, 37, 42) , and disruption of caveolae in rat tail arteries completely abolished ET-1-induced contraction but only partially inhibited the contractions elicited by 5-hydroxytryptamine and arginine vasopressin and had no effect on K ϩ -induced vasoconstriction (12) . Because ET-1 causes significant enhancement in spark frequency in the peripheral sites, the peripheral sarcolemmal-SR junctions may function as the focal points of signal transduction for Ca 2ϩ spark activation in PASMCs. By contrast, perinuclear SRs are nonjunctional. Ca 2ϩ sparks generated from these sites are, therefore, ineffective in regulating membrane potential through local Ca 2ϩ interactions with ion channels. However, the close proximity of these RyRs to the nucleus raises the speculation that Ca 2ϩ sparks may participate in the regulation of gene expression. Ca 2ϩ ions can effectively modulate gene expression through Ca 2ϩ -sensitive transcription factors, such as NF-B, JNK, nuclear factor of activated T cells (NFAT), cAMP response element binding protein, and myocyte enhancer factor-2 (8 -11) . A recent study in cerebral arteries shows that Ca 2ϩ sparks exert a modulatory influence on the uridine 5Ј-triphosphate-induced translocation of the transcription factor NFAT3c (18) . The role of Ca 2ϩ sparks on the regulation of transcription factors in PASMCs has not been examined. However, since ET-1 is a potent mitogenic agonist involved in pulmonary vascular remodeling in pulmonary hypertension (7, 22) and is known to activate NFAT and other Ca 2ϩ -sensitive transcription factors (28, 47 ) that mediate vascular cell proliferation, it is possible that Ca 2ϩ sparks originating in the perinuclear regions may be involved in the regulation of gene expressions in PASMCs, perhaps in pulmonary hypertension.
Analysis of spatial distribution of Ca 2ϩ sparks in PASMCs shows that the averaged Ca 2ϩ spark frequency, number of sites, and number of spark per site are similar in the peripheral and the perinuclear sites, suggesting that these sites are equally capable of generating Ca 2ϩ sparks. This is in contrast to the observation in rat portal vein myocytes that most of the Ca 2ϩ sparks are generated from only one major FDS close to the nuclear envelope (19, 20) . When Ca 2ϩ spark activity is enhanced by caffeine or ET-1, the major increase is the number of active sites in both peripheral and perinuclear regions with only a moderate or no increase in number of spark per site, suggesting that agonist stimulation leads to the recruitment of more Ca 2ϩ release units. Moreover, caffeine appears to exhibit some degree of differential regulation of peripheral Ca 2ϩ sparks. The higher activity of Ca 2ϩ spark in the peripheral region may suggest that the RyR subtypes in the peripheral SR Ca 2ϩ stores are more sensitive to a subthreshold concentration of caffeine. Hot spots of more frequent discharge have been observed occasionally in a few highly responsive PASMCs, some of which acted as the initiation point for global Ca 2ϩ waves or transients. The high activity of these sites could be related to local aggregation of RyRs, high regional SR density, and SR Ca 2ϩ load. Another interesting finding of the present study is the observation of prolonged perinuclear Ca 2ϩ sparks. These Ca 2ϩ sparks have a unique noninactivating kinetics, giving rise to a maintained plateau in the local Ca 2ϩ transient lasting for an average of ϳ200 ms. This is in sharp contrast to the typical vascular and cardiac Ca 2ϩ sparks, which terminate within 20 -30 ms through the mechanisms of RyR inactivation and local Ca 2ϩ depletion (4, 43) . But they somewhat resemble the extremely prolonged nuclear Ca 2ϩ release (PNCR) events identified most recently in intact and permeabilized rat myocytes (52) . These PNCR in cardiac myocytes lasted on average for ϳ2 s and have greater diffusion of Ca 2ϩ toward the center of the nucleus. Even though the prolonged perinuclear Ca 2ϩ sparks in our PASMCs only account for Ͻ20% of all the perinuclear sparks recorded, the distinctive Ca 2ϩ kinetics clearly suggests that some of the perinuclear RyRs possess gating mechanisms that differ from those of RyRs responsible for the typical fast inactivating peripheral and perinuclear Ca 2ϩ sparks. It is tempting to speculate that these prolonged Ca 2ϩ sparks originate from a specific RyR subtype or heterotetramer and are related to the regulation of nuclear functions. However, further future studies are required to explore these fascinating possibilities.
In conclusion, we have identified multiple RyR subtypes and characterized distinctive subpopulations of functional RyRgated SR Ca 2ϩ stores in adult rat intralobar PASMCs. The molecular complexity and spatial heterogeneity of RyRs may allow specific local Ca 2ϩ regulation of diverse cellular functions in PASMCs.
